Introduction
Resistance to the entomopathogen Bacillus thuringiensis (Bt) was first described in field populations of the Indianmeal moth, Plodia interpunctella, collected from grain storage facilities in the midwest (McGaughey, 1985) . Since that time, resistance to Bt has been reported in more than a dozen other species of insects in both wild and laboratory-selected populations (Schnepf et al., 1998; McGaughey & Oppert, 1999) . Resistance to insecticides is often accompanied by fitness costs, such as a decreased rate of development, fecundity, survival, or mating competitiveness relative to susceptible insects (Roush & McKenzie, 1987) .
Several studies have previously investigated fitness costs associated with resistance to Bt. There were no differences in fitness between Bt-susceptible and -resistant tobacco budworms, Heliothis virescens, when larvae were fed diets that did not contain Bt (Gould & Anderson, 1991) . However, there were increases in both development time and mortality for Bt-resistant tobacco budworm larvae forced to consume Bt. Relative to Bt-susceptible Colorado potato beetles, Leptinotarsa decemlineata, larval development was delayed and egg production was decreased in Bt-resistant beetles feeding on potato plants not treated with Bt (Trisyono & Whalon, 1997; Alyokhin & Ferro, 1999) . Also, more Bt-susceptible than Btresistant Colorado potato beetles survived after overwintering in diapause (Alyokhin & Ferro, 1999) .
In the diamondback moth, Plutella xylostella, resistance to Bt was correlated with the production of fewer eggs, lower egg hatch, reduced survival, and reduced mating success of males (Groeters et al., 1993 . Reversion to susceptibility to Bt in resistant diamondback moths on untreated diet was associated with an increase in survival . Because of the lack of fitness in the resistant colony, a rapid decrease in resistant moths in the absence of Bt was predicted. However, resistance was stable in another colony of Bt-resistant diamondback moths in the absence of selection (Tang et al., 1997) .
A previous study of Bt-susceptible and -resistant Indianmeal moth colonies indicated no differences in development time or larval weight, but a substantial increase in mortality was observed in Bt-resistant colonies reared on diet that did not contain Bt (Johnson & McGaughey, 1996) . Another study reported an increase in development time in moths fed sublethal concentrations of Bt subspecies kurstaki HD-1, and increased concentrations resulted in decreased moth emergence and fertility (Salama et al., 1991) . Also in the Indianmeal moth, resistance to another microbial insecticide, a granulosis virus, was associated with lower egg viability, longer development time, and increased adult weight (Boots & Begon, 1993) . Biological parameters may also be affected by the type and moisture content of the diet, as well as temperature of the environment .
When selection was discontinued with some of the Bt-resistant Indianmeal moth colonies, resistance to Bt decreased (McGaughey & Beeman, 1988) . The reversion in at least one colony was proposed to be due to incomplete selection, since the colony had not yet reached a plateau in response to Bt. Resistance in another Bt-resistant colony remained stable after transfer to untreated diet (McGaughey, 1985; McGaughey & Beeman, 1988) . These differences may be due to fitness costs, indicating that fitness should be evaluated for each resistance event.
The success of resistance management of Bt insecticidal toxins may be affected by the relative fitness of resistant versus susceptible insects (Georghiou & Taylor, 1977; Tabashnik, 1998) . In this paper, we compare two fitness parameters, development time and survival, in Bt-susceptible and -resistant Indianmeal moth colonies, and examine differences in Bt-resistant colonies reared on untreated or Bt-treated diets. In addition, we compare these parameters in geographically distinct populations of the Indianmeal moth to ascertain if natural variations are present.
Materials and methods
Insects used in this study were from three colonies of the Indianmeal moth collected from elevator or farm grain storage: UE343, collected from Enid, OK in 1983; RC688, collected from Riley County, KS in 1988; and FS1092, collected from Medford, OK in 1992 (McGaughey, 1985 McGaughey & Beeman, 1988; McGaughey & Johnson, 1992) . These parent colonies were reared continuously in the laboratory on a cracked wheat-diet (McGaughey & Beeman, 1988) . Parent colonies were selected for resistance with Bt subspecies kurstaki (HD-1, Dipel , Abbott Laboratories, Chicago, IL), aizawai , and entomocidus . Formulations were obtained from isolates as previously described (McGaughey & Johnson, 1992) .
Bt-resistant Indianmeal moth colonies were reared on diets containing suspensions of Bt and maintained under continuous selection at doses indicated in Table 1. Bt-susceptible colonies were reared on untreated diet. Bt-susceptible colony UE343 was reared in the laboratory for 20 generations and was the parental colony for resistant colony UE343 HD1(62.5), generated by exposure to 62.5 mg kg −1 HD-1 for 43 generations. HD-1 selection on UE343 HD1(62.5) insects was increased to 500 mg kg −1 after 9 generations of selection at 62.5 mg/kg and resulted in colony UE343 HD1(500) (data were collected using generation 169). Colony RC688 was maintained for 8 generations in the laboratory prior to selection with HD-1, HD-112, HD-133, HD-198, and HD-1 + HD-133 over 19-24 generations. Colony FS1092 was maintained for 6 generations, and FS1092 HD1 was then selected gradually to a final dose of 500 mg HD-1 per kg diet over 9 generations. A single pair of white-eyed mutants from generation 20 of FS1092 HD1 was used to establish FS1092 WE, which was selected for 82 generations using 2000 mg of HD-1 per kg diet. LC 50 values were obtained for each colony as previously described (McGaughey & Beeman, 1988) .
Bioassays were performed using a cracked wheatdiet (McGaughey & Beeman, 1988) . Resistant colonies were assayed using untreated diet or a diet treated at the maintenance dose indicated for each colony (Table 1) . Bt formulations were suspended in 10 ml of deionized water and applied as a slurry to 100 g of diet. The control diet was treated with 10 ml of water only. The diet treatments were mixed thoroughly and divided equally among three glass jars. Fifty eggs (≤24 h old) were added to each jar and maintained at 25 • C and 60% r.h. Emerging adults were counted daily and removed. The assay was repeated for three consecutive generations.
Data for duration of development and percentage mortality were analyzed using the general linear models procedure (PROC GLM, SAS Institute, 1990). The percentage mortality and mean development time for all insects emerging within a replicate were used in the analysis. Linear contrasts were used for planned mean comparisons (Neter et al., 1990) . Variances for percentage mortality were not homogeneous, so percentage mortality data were transformed before analysis using the Box-Cox transformation (Box & Cox, 1964) with λ = 3.71. Means and standard errors for untransformed data are reported.
Results
The three field-collected colonies of the Indianmeal moth and some corresponding Bt-resistant colonies varied widely in their response to different Bt formulations (Table 1) . Parental colonies UE343 and RC688 were susceptible to HD-1, with LC 50 values of approximately 15 mg kg −1 . However, FS1092 showed lower susceptibility to HD-1 when the first generation from the field was assayed and has remained approximately 6-fold less susceptible than other fieldcollected colonies. Several 'super-resistant' colonies also were included in the comparison. The levels of resistance in colonies UE343 HD1(500), RC688 HD1, FS1092 HD1 and FS1092 WE were so high that it was not possible to obtain accurate LC 50 values. A comparison of development times and survival for Bt-resistant colonies and their parental colonies revealed some relatively modest fitness costs associated with insect resistance to Bt (Table 2 ). Development time increased by about one day in the UE343 colony selected at 500 mg kg −1 . Similar increases in development times were observed in the HD-112, HD-198, and HD-1 + HD-133-selected RC688 colonies and in the white-eyed mutant FS1092 colony. Survival of the parental colonies ranged from 70-85%. Survival was significantly lower in two of the RC688-resistant colonies, RC688 HD133 and RC688 HD198. Only one resistant colony, RC688 HD198, had both a slower development time and lower survival.
Natural variations in development time and survival of the three parental colonies of Indianmeal moths also were observed (Table 2) . Parental colonies RC688 and FS1092 fed untreated diet had significantly longer development times than colony UE343 (linear contrasts, P < 0.05). Survival of colony FS1092 was lower than for either UE343 or RC688 (linear contrasts, P < 0.05).
Comparisons of development time and survival among Bt-resistant Indianmeal moth colonies were made (Tables 2 and 3) . Comparison of the development times of Bt-resistant colonies feeding on untreated or treated diets revealed that the only delayed development occurred with the white-eyed mutant colony selected from FS1092 HD1, which is a colony maintained with a high dose of Bt (linear contrasts, P < 0.05). There were no significant differences in the survival of Bt-resistant insect colonies when reared on either untreated or Bt-treated diets. From the Btresistant colonies selected with 500 mg kg −1 of HD-1, FS1092 HD1 had a significantly longer development time and lower survival than UE343 HD1 and RC688 HD1 (Table 3 , linear contrasts, P < 0.05).
Comparisons of development time and survival also were made among unselected Indianmeal moth colonies on untreated diet and Bt-resistant colonies on Bt-treated diet (Table 3 ). The development times of UE343 HD1(500), RC688 HD112, RC688 HD198, RC688 (HD1 + HD133), FS1092 HD1, and FS1092 WE were significantly longer than their unselected parent colonies. The longest time difference in development was 2.3 days and occurred between FS1092 WE and FS1092. Three colonies, RC688 HD133, RC688 HD198, and RC688 (HD1 + HD133), had significantly lower survival than the unselected parent colonies.
Discussion
Comparisons between unselected and Bt-resistant Indianmeal moth colonies on untreated diets showed a fitness cost associated with Bt resistance in some colonies but not others (Table 2) . However, colonies UE343 HD1(62.5), RC688 HD1, and FS1092 HD1 had neither slower development nor lower survival compared with the parental colonies. Alternatively, colonies UE343 HD1(500), RC688 HD112, RC688 HD198, RC688 HD1 + 133, and FS1092 WE had significantly longer development times. The duration of development was lengthened by 1 to 2 days in resistant colonies. In addition, survival in colonies RC688 HD133 and RC688 HD198 was decreased. At least part of the decreased survival in RC688 HD198 can be attributed to a diminished egg hatch (unpublished observation). Only one of the colonies examined, RC688 HD198, exhibited fitness costs of both longer development time and lower survival.
Some of these data differ from a previous report, in which a significant increase in mortality was associated with nearly all RC688 Bt-resistant colonies (except RC688 HD112) on Bt-untreated diets (Johnson & McGaughey, 1996) . The discrepancy may be due to the level of selection. Whereas resistance ratios varied from 12-30 in the earlier report for the same colonies, they ranged from 27-304 in the present report (corresponding to the LC 50 values in Table 1 ). Resistant strains are maintained on the Bt subspecies used in the selection, and a shift in fitness parameters may indicate an increased adaptation to Bt-treated diets. No differences in larval development time between RC688 susceptible and Bt-resistant colonies reared on untreated diets were reported in the previous study, although similar differences in pupation time (±1.5-2 d) were observed. Another difference between our study and that of Johnson & McGaughey (1996) was in the weights of P. interpunctella larvae. Johnson & McGaughey (1996) reported no differences in weights of Btsusceptible and -resistant Indianmeal moths, either as second instars on Bt-untreated diets or fifth instars with susceptible larvae on untreated diets and resistant larvae on Bt-treated diets. Another study found as much as a 47% reduction in food consumption when Indianmeal moths were fed a Bt-treated diet (AbdelRazek et al., 1999) . We observed a substantial variation in larval weight among the colonies, ranging from 8.4 to 12.5 mg for fourth instars (unpublished data). High Bt selection pressure usually resulted in larvae that were larger than those that were not selected or subjected to a low selection pressure. Bt-resistant larvae from UE343 and FS1092 colonies fed Bt-treated diets were 7-12% larger than larvae from parental colonies fed untreated diet. This size difference may be due in part to a physiological compensation for nutritional stress caused by Bt toxicity. In Bt-resistant strains with increased development time, the increase in larval size may be due to a longer feeding period. It also is possible that the Bt formulations afforded a nutritional advantage to the diet. Indianmeal moth larvae tended to be larger in the field and decreased in size after being maintained on the artificial diet in the laboratory (unpublished observations). The decrease in size may be a result of a less nutritious artificial diet, increased population density, and/or population genetics.
In most cases, there were no differences in development time and survival due to the consumption of Bt by Bt-resistant Indianmeal moth larvae. When larvae were reared on untreated or Bt-treated diets, a significantly longer development time occurred only with one colony, FS1092 WE, which was selected and maintained on an extremely high dose of HD-1. There were no significant differences in the survival of these colonies when they were fed a Bt-treated diet.
Previously, Dowdy & McGaughey (1996) used DNA analysis to differentiate six different populations of the Indianmeal moth. A comparison of the three Bt-susceptible colonies from Enid and Medford, Oklahoma and Riley County in Kansas revealed differences in development time and survival, another indication of genetic differences. Insects collected from Enid (UE343) had faster development times, while those collected from Medford (FS1092) had higher mortality. Comparison of Bt-resistant colonies selected from these parental strains with the same dose of HD-1 indicated that the Bt-resistant insects from Medford exhibited a longer development time and decreased survival ( Table 2) . These results indicate genetic vari-ation among these populations and suggest greater problems for the Medford insects on Bt-treated diets.
Both temporal and spatial refugia have been suggested as strategies to slow the development of resistance to Bt (Gould, 1988) . Comparisons of the development time of Bt-resistant Indianmeal moths on a Bt-treated diet and unselected Indianmeal moths on untreated diets revealed a lag in development in six of the nine resistant strains examined in this study. A recent report on pink bollworm, Pectinophora gossypiella, indicated that Bt-resistant moths feeding on transgenic Bt-cotton had a longer development time than Bt-susceptible bollworms on non-Bt cotton (Liu et al., 1999) . The difference in development times of susceptible larvae on the refuge and resistant survivors on Bt-treated crops could lead to some disruption of the mating of resistant and susceptible moths to dilute the resistance allele(s), a basic tenet of the refuge strategy. The difference in development time of resistant and susceptible pink bollworms was 5.7 days. The largest difference observed with resistant and susceptible Indianmeal moths was 2.3 days. The median longevity of Indianmeal moth adults is approximately 5 days, and most mating occurs within the first day of emergence (unpublished observations). These data suggest that the mating of susceptible and resistant Indianmeal moths would be somewhat diminished by the nonsynchronous development.
A comparison of the composition of the various Bt formulations yields no information about the differences observed in the selected colonies. Toxins found in Cry1Ab, Cry1C, Cry1D) are also found in HD-112 and HD-133, so it appears unlikely that the fitness costs associated with HD-198 are due to its toxin composition. Each of the Bt formulations have at least four different toxins and all contain Cry1Aa and Cry1Ab. Whether an individual toxin can induce a specific fitness cost has not been determined. Alternatively, differences observed in the Bt-resistant colonies may be a result of genetic differences among the various colonies.
The physiological cause of high mortality observed in some of the Bt-selected strains is unknown. It is interesting to note that colonies RC688 HD133 and RC688 HD198, which had the lowest survival among the RC688 colonies, lack a major digestive proteinase, and the loss of this proteinase was associated with resistance to Bt (Oppert et al., 1997) . However, it is unknown whether the lack of this proteinase is associated with the low survival observed in these colonies.
We conclude that there are modest costs associated with resistance to Bt in some Indianmeal moth colonies but not in others. However, only several of the many possible fitness parameters were measured in this study, and it is possible that other fitness factors in the Indianmeal moth could be influenced by resistance to Bt. If there is little or no cost, the development of resistance in the Indianmeal moth could be irreversible. The absence of fitness costs may promote the use of alternative Bt-resistance management strategies, such as a multigene strategy with non-overlapping targets, which would be expected to decrease fitness to a greater extent than was observed in this study.
